Surface recombination represents a handicap for high-efficiency solar cells. This is especially important for nanowire array solar cells, where the surface-to-volume ratio is greatly enhanced. Here, the effect of different passivation materials on the effective recombination and on the device performance is experimentally analyzed. Our solar cells are large area top-down axial n-p junction silicon nanowires fabricated by means of Near-Field Phase-Shift Lithography (NF-PSL). We report an efficiency of 9.9% for the best cell, passivated with a SiO 2 /SiN x stack. The impact of the presence of a surface fixed charge density at the silicon/oxide interface is studied.
Introduction
Semiconductor nanowires have received increasing attention for next-generation solar cells technology [1] [2] [3] [4] [5] [6] [7] [8] . One of the most important challenges these devices face is surface recombination. Surface recombination is a major concern for nanowire array solar cells due to their high surface-to-volume ratio. Their photovoltaic performance is seriously reduced by the presence of surface dangling bonds, which act as recombination centers [9] . It has been experimentally demonstrated that by reducing the surface recombination by almost two orders of magnitude the light absorption cross-section of the wire increases for a broad range of wavelengths and its photosensitivity enhances 90-fold when used as a photodetector [10] . It has also been shown that minority carrier lifetime is controlled by the surface recombination and strongly depends on the nanowire diameter [11, 12] .
The reduction in the surface recombination (SR) rate of nanowire-based solar cells results in an increase of open-circuit voltage, short-circuit current and efficiency [5, 13, 14] . However, the effect of the SR rate strongly depends on the junction configuration.
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Yu et al. simulated the impact of surface recombination velocity on both axial and radial p-n junction nanowire arrays [15] , and they concluded that the recombination rate at the surface for the same doping level is higher in the axial configuration than in the radial one.
Among the many different materials investigated for passivation purposes, thermal SiO 2 [16] [17] [18] , a-SiN x :H [19] [20] [21] , Al 2 O 3 [22] [23] [24] or the SiO 2 /SiN x bilayer [25] are some of the most widely used. We have studied experimentally the effect of these materials on the surface passivation of axial n-p junction Si nanowires. To this end, ordered arrays of nanowires were fabricated by Near-Field Phase-Shift Lithography (NF-PSL), a photolithographic-based technique that allows to obtain large areas of submicron structures by manipulating the incident light [26] . The interface between the silicon and the passivation material and their passivation properties were analyzed as well as their influence on the photoconversion efficiency.
Experimental
Axial n-p junction nanowires were fabricated by means of a two-step near-field phase-shift lithography as reported elsewhere [27] . Below we give the details of the fabrication process of the mask and nanowire array solar cells, including the passivation step.
Mask fabrication
A key issue to increase the resolution of NF-PSL is to fabricate a grating mask with very sharp phase edges. This leads to a higher and narrower peak of the intensity profile of interference waves on the resist layer. For this reason, electron beam lithography was used to write the design on the phase-shift mask, as it provides higher resolution than other techniques. Additionally, fused silica was the material chosen for the mask. Its high purity results in vertical and sharp sidewalls after etching.
In order to avoid electrostatic charging during electron beam lithography, a layer of 100 and 350 nm of aluminum was sputtered on the front and back side of the mask, respectively. 150 nm of ZEP520A resist (consisting of 11% methyl styrene and chloromethyl acrylate copolymer and 89% anisole), diluted 50% in anisole was spin-coated before performing electron beam lithography. Following the work of Wang et al. [28] , arrays of 4 mm × 4 mm were patterned with 2-μm wide trenches spaced 4 μm apart. After development, resist-free aluminum regions were exposed for 20 s to induced coupled plasma etching using a Cl 2 /BCl 3 gas mixture (STS Multiplex ICP). Afterwards, a long O 2 plasma strip was performed to completely remove all the ZEP resist. Subsequently, using the aluminum layer as hard mask, the pattern was transferred to the fused silica substrate by means of a C 4 F 8 /CH 4 
Nanowire array solar cells
380-μm thick Czochralski<100>p-doped Si wafers with a resistivity of 1-10 Ω·cm (corresponding to a doping concentration of ~10 15 cm -3 were used). Prior to the fabrication of the nanowires, the n-emitter was formed by diffusing POCl 3 for 15 min at a temperature of 950 °C . Under these conditions the junction depth, determined by capacitance-voltage measurements (Wafer Profiler CVP21), was 1.2 μm. In order to ensure that only the front side was doped, the back of the wafer had been coated with a 200-nm thick SiO 2 diffusion barrier layer. Immediately after the diffusion process, the back-side oxide was stripped-off with buffered HF.
Axial n-p junction nanowires were created etching down nanoscale dots on the n-p silicon substrate. The steps carried out to fabricate the Si nanowire arrays are depicted in Fig. 1 . A first standard photolithography step was carried out to create the alignment marks, required to correctly align the substrate and the mask between the first and the second NFC-PSL steps. For this, the Si wafer was coated by 1.1 μm of AZ1512H photoresist and exposed for 1. After coating the wafer with 650 nm of AZ ECI 3007 positive photoresist, it was exposed for 1.4 s under UV broad band light (Hg light source UV400: g, h, i-line) with a power intensity of 10 mW/cm 2 ( Fig. 1(a) ). This step was repeated after rotating the mask 90° ( Fig. 1(b) ). The first exposure led to an array of stripes aligned following the x-axis, while the second one defined the identical array of stripes in the perpendicular direction, creating overexposed nanoscale dots at the intersection. The two exposures were done consecutively and afterwards the photoresist was developed following standard photolithography procedures ( Fig. 1(c) ). For this double-step lithography, a vacuum contact between the mask and the wafer was required. We obtained arrays of nanowires with a diameter of 600 nm ( Fig. 1(f) ).
The PSL pattern was transferred to the silicon substrate by means of reactive ion etching (SF 6 (40 sccm)/ C 4 F 8 (55 sccm) gas mixture) for 4 min and, subsequently, the remaining photoresist was removed. This etching time led to a pillar height of around 2 μm.
After fabricating the nanowires, a dielectric barrier was deposited conformally all over the front surface. This layer has a double function: To electrically insulate the n and p regions and to passivate the surface. The performance of four different materials was compared: (i) Al 2 O 3 deposited by atomic layer deposition (ALD, Beneq TFS200) using trimethylaluminum (TMA) as the precursor and H 2 O as the oxidant at 200 °C ; (ii) SiO 2 thermally grown at 1,000 °C in oxygen gas for 47 min followed by a nitrogen anneal at the same temperature; (iii) a-SiN x :H deposited by plasma enhanced chemical vapour deposition (PECVD) (Oxford PlasmaLab 100 PECVD) at a temperature of 300 °C , a pressure of 800 mTorr and a gas mixture of 2% SiH 4 /N 2 = 1,000 sccm and NH 3 = 15 sccm; and (iv) a bilayer of thermally-grown-SiO 2 /PECVD-SiN x . We estimate that after the growth of the thermal oxide layer the junction is shifted around 100 nm.
In order to selectively contact the n-type region, the insulating barrier was partially etched at the nanowire tip. For this, a 3,100-nm thick film of photoresist was spin-coated at 3,000 rpm for 1 min and post-baked at 120 °C for 5 min. Afterwards, the polymer layer was etched down to a final thickness of 1,800 ± 100 nm by means of an O 2 Induced Coupled Plasma etching (ICP). A controlled etch was achieved by using an electrostatic chuck power of 100 W and an ICP source power of 600 W. The controllability of the polymer etching is extremely important to avoid short-circuit between the front contact and the p-doped base. In our case, the junction depth is around 1.2 μm and the nanowires are about 2 μm long. After etching, the polymer exhibited a thickness of 1.3 μm. All dielectrics were etched by dipping the sample in buffered HF (BHF 7:1, NH 4 F (40%) + HF (50%)) solution for 20 or 50 s, depending on the thickness and nature of the layer ( Fig. 1(e) ). A last O 2 plasma removal was carried out to clean the sample from any polymer residue. Finally, the front and backside contacts were deposited by sputtering: 500 nm of indium tin oxide (ITO) on the front side and 200 nm of aluminum on the backside. On top of the ITO, a "ring" of 10 nm of Ti and 100 nm of Au was evaporated through a metallic mask around the array. A cross-section of the final device is depicted in Fig. 2 . 12 devices of 16 mm 2 were prepared for each type of passivation. 
Results
The current-voltage characteristics of NF-PSL nanowire-based solar cells passivated with the four different dielectrics were measured in the dark and under illumination conditions of AM 1.5G (Sol2A Oriel 150 W Xenon lamp) and are shown in Fig. S1 (in the Electronic Supplementary Material (ESM)), Fig. 3 and Table 1 . As expected, surface recombination on axial p-n junction nanowire arrays have a significant impact on the short-circuit current density (J sc ) and open-circuit voltage (V oc ). Comparing the four curves, it can be observed that the devices passivated with SiN x and Al 2 O 3 have similar V oc and J sc , yielding to efficiencies (η) of 3.4% and 2.4%, respectively. On the other hand, it is well-known that thermally grown SiO 2 leads to a high quality interface and reduced surface recombination. Unexpectedly, the device passivated with thermal SiO 2 reports the worst results (J sc = 11. In order to understand the performance differences of the various passivating materials, the minority carrier lifetime was measured by means of quasisteady-state photoconductance (QssPC) measurements (WCT-100 Sinton Instruments) [29] . For these measurements, we recreated the device interfaces on the two sides of a non-textured Si wafer. We first etched down both surfaces with reactive ion etching in order to have the same surface roughness as on the nanowire sidewalls and then deposited the passivation layer. The effective lifetimes, τ eff , were extracted at an injection level of 10 15 cm -3 and are summarized in Table 1 . The diffusion length, L, and surface recombination In order to shed some more light in the difference between SiN x , SiO 2 and SiO 2 /SiN x passivation in the solar cell performance, an analysis of the chemical composition of the interface between the Si substrate and the passivation layer was carried out by Fourier transform infrared (FTIR) spectroscopy using the attenuated total reflection (ATR) mode (6700 Nicolet, Thermo Fisher Scientific). From FTIR measurements, information about the different bonding configurations at the interface are obtained, which can be related to chemical and field-effect passivation. In Fig. 4 the FTIR spectra of Si-SiO 2 , Si-SiN x and the bilayer Si-SiO 2 /SiN x are compared.
The spectrum of the SiN x film presents several peaks around 840, 2,160 and 3,350 cm -1 corresponding respectively to the Si-N, Si-H and N-H bonds [31] . The Si-H stretching bond can be deconvoluted into six Gaussian peaks: H-Si-Si 3 around 2,000 cm . The trivalently bonded Si atom with one dangling bond (·Si≡Si 3 ), known as P b center, is the main defect at Si/SiO 2 interfaces due to a lattice mismatch. These defects lead to positive Q f of the order of 10 10 cm -2 [33] . They are generally passivated by a hydrogen post-treatment. For instance, the addition of a hydrogen-containing capping layer results in a hydrogen passivation of the interface. In good agreement with this, we observe the appearance of the Si-H signal at 2,160 cm -1 of the SiO 2 /SiN x spectrum in comparison to the single SiO 2 layer. One should also note that the addition of the SiO 2 interlayer between Si and SiN x reduces significantly the concentration of Si-N bonds in comparison with the Si/SiN x interface. Both, the H-passivation of the interface and the reduction of the Si-N bonds, result in a no field-effect passivation by the SiO 2 /SiN x stack [34] .
We comment now on the Al 2 O 3 passivation. The FTIR spectrum of the Al 2 O 3 film shown in Fig. 5 exhibits the characteristic Al-O absorption peak at 704 cm -1 . The presence of a thin SiO x interlayer formed during the ALD deposition process is elucidated by the existence of a broad peak at 940-1,100 cm -1 [35] .
Hoex et al. suggested that this interfacial layer could induce a high density of Al vacancies at the interface [24] . Some theoretical studies have concluded that Al vacancies and O interstitial can be charged negatively [36] , leading to negative Q f values in the range of 10 12 -10 13 cm -2 . The effect of the presence of fixed charges at the silicon/insulator interface of the nanowire sidewall in terms of band bending [37, 38] was investigated with the simulation software nextnano 3 [39]. In Fig. 6 we show the results of the calculations. The electron and hole density profiles in the cross-section of 600 nm wide nanowires is shown for a positive fixed charge of Q f = 3 × 10 10 , 10 11 and 10 12 cm -2 . For the calculations we used a doping concentration of N A = 10 15 cm -3
. The positive charge creates an electric field that attracts electrons towards the surface and pushes holes towards the center of the nanowire. The low p-doping concentration results in inverted doping conditions for high Q f values (≥ 10 11 cm -2 ). Electrons become majority carriers while holes get reduced to minority carriers within the whole nanowire cross-section. In such a case, the junction is shifted to the base of the nanowire. For Q f = 3 × 10 10 cm -2 no inversion occurs on planar surfaces, which explains the high lifetime values measured for SiO 2 -passivated devices. Nevertheless, the effect of the same density of fixed charges on a nanoscale cylinder geometry is remarkable. In this configuration, inversion conditions occur at the surface and the electron and hole densities become equal at some regions inside the nanowire cross-section, resulting in a significant increase of recombination inside the wire. As mentioned above, this could be the case of SiO 2 -passivated devices, whose interfaces typically exhibit a low density of fixed positive charges. These results are in agreement with the high dark current density (J 0 ) exhibited by these devices and could explain their poor performance. Interestingly, the high density of fixed charges introduced by the Si/SiN x interface results in a n-doped-like nanowire and the junction is moved to the base of the wire, resulting in a reduction of surface recombination in the nanowire (J 0 = 1.1 × 10 -4 mA/cm -2 ).The external quantum efficiency (EQE) results shown in Fig. S2 (in the ESM) also reflect the impact of changing the fixed charge density on the photoconversion efficiency. The negative nature of the fixed charges in the Si-Al 2 O 3 system results in a different outcome. At the p-region of the wire, the fixed charges create an electric field that shields electrons from the surface. However, since the Al 2 O 3 layer partially covers the n-doped region of the wire, an inversion occurs at this point. Figure 6(d) shows what is the impact of a -10 12 cm -2 fixed charge on a n-doped region with a doping concentration of N D = 10 16 cm -3 . Also here, there is an inversion of electron and hole densities at some regions of the nanowire exhibiting an equivalent concentration of electrons and holes, resulting in an enhancement of the recombination. In order to illustrate the results of the calculations more explicitly, we sketch in a qualitative manner the distribution of carriers in the nanowires for the four types of passivation (Fig. 7) .
Finally, the light absorption in the device was calculated by Finite Difference Time-Domain (FDTD) simulations reaching steady-state conditions [40] . The incoming light was modeled as a plane wave polarized along the x-direction with an incidence normal to the structure. The calculations were realized for a realistic configuration of the nanowire device: An array of 2 μm long Si nanowires with a diameter of 600 nm, a pitch of 2 μm and a passivation layer of 50 nm of silicon dioxide covering the substrate and the nanowire sidewalls up to a height of 1.5 μm and a layer of 400 nm of ITO as front electrode. Figure 8 depicts the normalized electric field energy density along the wire (at x = 0 and y = 0) and within the wire cross-section at 400 nm below the junction respectively, at 400, 600, 800 and 1,000 nm. From the vertical crosssection, it can be observed that light is mainly absorbed within the wire, even though the nanowires are fairly short and silicon exhibits an indirect band gap. As a consequence, most of the photogenerated carriers in the devices are generated in the nanowires and the substrate exhibits a minor role. From this, we conclude that the major losses must be due to carrier recombination in the wire. This is especially harmful for the SiO 2 -and Al 2 O 3 -passivated devices but also for the one coated with SiN x , as the junction is shifted further away from the generated carriers and more of them recombine before reaching the junction. Cross-section at x = 0; below: Cross-section at y = 0) and (b) at the cross-section placed 400 nm above the base of the Si nanowire (400 nm below the junction) at 400, 600, 800 and 1,000 nm.
Conclusions
The role of surface recombination on the performance of axial n-p junction Si nanowire-based solar cells has been investigated. Si nanowire arrays have It has been demonstrated that, even having a high level of chemical passivation at the interface, the presence of a surface fixed charge density can lead to an inversion of carrier densities or to an enhancement of the recombination rate within the nanowire core. This effect is more important on nanowires due to their small diameters. The addition of a hydrogencontaining capping layer, which leads to a hydrogen passivation of dangling bonds and to the suppression of fixed charges at the interface, can nullify this effect. The device passivated with the SiO 2 /SiN x stack reported the best results, exhibiting a J sc of 28.4 mA/cm 2 , a V oc of 0.52 V and an efficiency of 9.9%.
